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(54) Mesoporous ceramic films having reduced dielectric constants 



(57) A proress provides a ceramic film, euoh 66 a 
mesoporous silica film, on a substrate, such as a silicon 
wafer. The process includes preparing a film-forming flu- 
id containing a ceramic precursor, a catalyst, a sur- 
factant and a solvent, depositing the film-forming fluid 



on the substrate, and removing the solvent from the film- 
forming fluid on the substrate to produce the ceramic 
film on the substrate. The ceramic film has a dielectric 
constant below 2.3, a hatide content of less than 1 ppm 
and a metal content of less than 500 ppm, making It use- 
ful for current and future microelectronics applications. 
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Description 

CROSS-REI ERENCE TO RELATED APPLICATIONS . 

s [0001] Thk fs e continuation-in-part of US Patent Application S,N. 08/518,955 filed 3 March 2000. which Is a con- 
tin uation-ln-purt of US Patent Application S.N. OS/455,999 filed 7 December 1999, 

STATE MEN7 REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 

10 [0002] Not applicable, 

BACKGROUND OF THE INVENTION 

[0003J This invention relates to films having reduced Dielectric constants, and more particularly to a process for 
producing mesoporous ceramic films having Increased porosity, reduced halido content and reduced metal content. 
r0OO4] Thau.- is a need in the electronics industry io prepare Integrated circuits with Increased feature density. In 
order to do th-s effectively, metal wiring in the devices must be placed closer together. As the leaturesize decreases, 
insulating maw.-rieis with more insulating ability are required. Currently, devices at o.i B micron line width use materials 
based on den.-,e silica, or partlajjy nuorinated derivatives tnereof, Typfcal dleieeirfc constants for Iheso materials range 
so between about 4,2 and 3.B, wherein the dielectric constant is a relative scaie In whicn a vacuum & defined as having 
a dielectric constant of about 1, As the line width In the devices decreases to D.13 microns and below, significant 
decreases in tue dielectric constant of the Interiayer dielectric material will be required. Current estimates suggest that 
dielectric coniiants In the range of 2.2 or less will be required. To accomplish this goal, various classes of materials 
aro currently utdor Investigation, Those include both organic polymers and porous oxide materials. 
£9 [0005] One potential route to reducing the dielectric constant is to develop voids within the material. In the case ot 
siKca-basod nr.,iterieJfi, there are several ways to accomplish this. It Is known that aerogels end xerogels heve very 
high porosity, hnd subsequently dielectric constants as low as 1 .1 or less. Several drawbacks have been found to this 
approach, Rn$i. the materials are not mechanically robust, and have difficulty surviving the integration process em- 
ployed In chip n ianuf Bcturing. Also, the porosity is made up of a broad distribution of pores sizes. This causes problems 
30 in etching and ;ichlevino a uniform sidewall barrier coating. 

[0006] Another possible class of porous silica materials Is zeolites. Methods are known to prepare thin films of zeo- 
lites, but the relatively tow porosity prevents them from achieving dielectric constants of 2.3 or less. A porosity of more 
than 55% is required to achieve the dielectric constants in a SI0 2 material of interesr. according to tha Maxwell equation 
<the Maxwell equation is described in Kingery et al. ( Introduction to Ceramics, p, 946 (John Wiley & Sons, Inc. 1970)). 
a* [0007] With tr.ese criteria in mind, some have proposed employing ordered mesoporous silica materials to prepare 
low dielectric constant films. Preparation of thin film materials te a requirement of this technology. It is currently known 
that preparation of mesoporous films can be accomplished via a sol gef route. Several example* are described In U. 
S. Patents Nos. S,fi5B,457 id Brinker et el. and 5,645,891 to Liu et ah, and WO 99/37706. These examples demonstrate 
that it is possibio to prepare mesoporous silica films. 
40 [00pa] However, both tho Brinker et al . and Liu et al. patents fail in several aspects identified by the present Inventors 
as being critical to forming films acceptable for use in electronics applications. Neither patent teaches the use of rea- 
gents acceptable for use in the electronics industry. Both recite the use of a catiDnlc, quaternary ammonium surfactant 
which Is required to template the ordered pore structure of this class of materials. Such surfactants have hallde counter 
ions which arecr.rrosiveto Che metals and some barriermaterials used In the preparation of integrated circuits. Although 
45 Liu ot al, teacher performing Ion exchange to remove the hallde, li is not dear f mm Liu et al. how much, If any, of the 
hallde remains within the flim after Ion exchange. Moreover, the Ion exchange step Increases the complexity and ex- 
pense of the me ifiod. 

[0009] Another problem with the prior art is the use of HCI as the acid catalyst for the sol gel reaction lo form silica 
from a silica precursor such as tetraethylorthosilieate, Halides are, as mentioned above, corrosive to me melals and 
so barriers used In these applications. 

[0010] In addh.on id teaching the use of cationle surfactants to template the ordered pore structure of mesoporous 
films, U.S. Petor.i No, 5,858,457 to Brinker ct al. ekse tcachos the use of nonlonic surfactants for The same purpose. 
Howevor, Brln leer et al. does not appreciate the advantages of using nonionic surfactants ratherthan canonic or anionic 
surfactants. 

5$ [001 1] All references cited herein aro incorporated herein by reference in their entireties. 
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8RJEF SUMMARY OFTHE INVElvmON 

[0012] Thi invention provides a process for producing a ceramic film having a dielectric constant below 2.3. a halide 
content of tors than l ppm and a contaminant metal content of less than 1 pom. 

[0013] Tht: invention also encompasses ceramic fflms having a dielectric constant below 2.3, a halide content of less 
than 1 ppm ;md a contaminant metal content of less than 1 ppm. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS 

10014] The- Invention will be described h conjunction with the following drawings in which Jlke reference numerals 
designaie like elements and wherein: 

Fig. 1 ts « mree-dimensional graph of porosity versus surfactant versus functional group; 
Fig. 2 is .i graph of pore size distribution of the mesoporous silica film of Example 2; 

Fig, 3 is .i graph showing grazing incidence x-ray reflectivity (GIXR) data for a mesoporous silica film prepared 
according 10 Example 2; and 

Fig. 4 Is graph Showing GIXR data tor a mesoporous silica film prepared according to Example 14, 
DETAILED :Of SCRIPTION OF THE INVENTION 



[0015] Film.-, according to the Invention can be provided by tti© following preferred process, wherein a spinning so- 
lution containing a ceramic precursor (e.g., a silica precursor) Is applied to a substrate end spun on a spin processor. 
[0016] Although silice is the most preferred ceramic film, the Invention contemplates the use di other ceramics. As 
used heroin, me term ceramic rcfors to complex compounds and solid solutions of both metallic and nonmotailic do- 

25 ments Joined ny Ionic and cDvaiem bonds. Most often, ceramic materials are a combination of inorgan ic elements. 
Occasionally, ceramic materials mey contain carton. Examples ot ceramic materials include but en? not limited to metal 
oxides, compounds of metal oxides, metal carbitfes, end nitrides, and carbonates. More spcctficejly, for example, ce- 
ramic material'. Include but *re not Jrmlted to silica, titania, alumina, titanium silicate, tlte nium carbide, aluminum nitride, 
silicon carbide, and silicon nitride. Ceramic materials maybe found naturally In animal shells, bones, and teeth or may 

so be found In po« celain or other man made products. 

[O017] "Trie .' pinning solution from which the film is formed is preferably provided by the following two-step process. 
In the first step a stock solution of partially hydrolyzcd silica is provided. This is preferably accomplished by reacting 
a silica precurwjr (such es, e.g., tetraGinylorthosilicate}, en alcohol (such as, e.a., ethanol), water and an acid catalyst. 
The resulting nock solution Is aged for a period of time (preferably about 50-150 minutes, more preferably about 90 

as minutes) at eli vated temperature (preferably about 40-70'C, more preferably about 60*C), and Is then used in the 
second step, 

[001 8J In the second step for preparing the spinning solution, a portion of this stock solution Is diluted with additional 
alcohol (f,e„ ar- alcohol diluent, which is not necessarily the same as the alcohol used in the first step), a monofunc- 
tiensiized alkox ysilane can be added, along with more acid catalyst, water, and the surfactant. The surfactant functions 
■*0 as the pore fonner in the mixture. 

[001 9] SuhaLie ceramic precursors for use in the spinning solution providing process include, e.g., tetraethoxysilane 
(TEOS), tetrarrMhoxysilanc (TMOS), titanium (IV) isopropoxide, titanium (JV) methoxWe and aluminum eec-bulox|de. 
[0020] Suitable alcohols for use In the first step of the spinning solution providing process include, e.g., ethanol, 
methanol, prop i no! (e.g., isopropanol), isobutanoi and n-butanol. 

[0021] Surtax* alcohol diluents for use in the secona step of the spinning solution providing process include, e g., 
ethanol, methanol, propanol (e.g., Isopropanol), isoDutanol and n-butanol, 

(0022] The acd catalyst used in the spinning solution providing process is preferably an organic acid. Specific ex- 
ample* of acid Latalysts include, e.g., acetic acid, oxalic acid and formic acid. 

[0023] Suitable functionated alkoxysilanes for use in the spinning solution providing process Include RSi(ORV 
R2Si(OFr) 2 ; R3S.OR'; RR'SlfOR-fe; FWFTSiOR"; where R, R\ R" and R" are Individually alkyl (j.e. methyl, ethyl, 
jsopropyl, butyl) or aryl (i,e. phenyl); e.g., meihyltriethoxysiJane and phenyfoiethoxysliane; or FfefilfOFl'te; R 3 SIOR\ 
where R Is phenyl, CF 3 or butyl and R' is as defined above. R 2 R , SIOSjR 2 R' and RR , R"SIOSfRR , R ,, whoro R, H' and R" 
are defined es ar.ove can also be used. Use of alkylalke*ysiianes improves the k stability, while maintaining low k and 
high modulus. 

55 [0024] Suitable surfertants for use in the spinning solution providing process Include, e.g., PluronicLI 21 L123 L31 
P ^L^\ lnfi0, BriJ SS l c ii H »< oc Ma c H2)ioOH) (ICJ), BrU 58 (C^^oC^C^teoOH) (ICI) and 
f^o^^t f 5 (A,r PrC,dUCtS and Cnemteal£ ' ,nc >- T "* surfactant can be an etnytene oxide propylene oxide 
(EO-PO) block eupolymer or poryoxyethyfene alkyl ether. Preferably, the surfactant is an ethoxylated acotylenic diol, 
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such as the {-,,jrfynols available from Air Products and Chemicals. Inc. of AJIentown, PA, h is particularly preferred id 
provide surfactants wherein the meial content is less than 20 ppm. Such surfactants ere available from ICf Surfactants 
(Uniqema) or Wilmington. DE under the trademark Brij. Air Products an* Chemical*, inc. of Allentown. PA under the 

_ H^STf; Surfyn ol and ' rom BASF Cor P- Performance Chemicals of Ml Olive, NJ under the trademark Pluronfc. 
[0025] The .".pinning solution Is applied to a substrate (e.g., a Si wafer, Si 3 N 4 , Al, Pt, etc.) and the solution Is spun 
on a spin processor. This rapid motion causes the volatile aloohof to he removed, Inducing film formation. As the alcohol 
r ^!!!rt surfactant concentration increases above the critical micelle concentration (C mp ) and an ordered liquid 
crystal phase .s formed In solution. The silica precursors present form a network Bround the liquid crystal and, as 
hydrolysis ami condensation reactions proceed, the network forms a solid thin film. Upon calcination to remove the 

o surfactant, tht silica network Is reacted further to form a rigid thin film. 

[0026] By vn/ying process parameters, it is possible to tune the dielectric constant of the film of the invention. This 
Is accompli.* by varying the pore size and distribution of the pores in the fihi. The films of the invention are mes- 
oporous, which to defined far purposes of this disclosure to denote pore sizes of less than about 500 A, more preferably 
in ttie ranee of .ifaout 13 A to about 50g A, and most preferably 20 A to 50 A. It is preferred that the torn have pores of 
unrrorm size, ai id that the pores are homogeneously distributed throughout the film. Films of the invention preferably 
have a poroslry of about 50% to abour B0%, more preferably about 55% to about 75%. 

[0027] The Inventors have determined that It is possible to prepare films with varying poroslry by manipulating the 
amount and type of surfactant In a formulation, A minimum level of porosity Is critical to achieve a dielectric constant 
of less than 2,Ci Also, II is necessary lD keep the Trims free irom adsorption of water. Water has a dielectric constant 
of 78,5, so adsorption of even small amounts of water win increase the dielectric constant to unacceptably high values. 
Films of the invention have reduced hygroscopicity and increased dielectric stability. 

[O02S] The pi . *ent invention Increases ihe sherMiTe (i.e., the gelation time) of film-forming solutions. This is a critical 
requirement foi use of these salmons to form films, if tne solutions are only viable for a short amount of time as 
suggested by U S. Patent No. 5,B 5 B,457 to BrinkorotaL, whteh states that the longer the fllm^forrning solution laagod, 
the ess porous the films that are formed, the cost of ownership would be too high to be employed for the desired 
applications. Tho gelation time for films of the invention is at least 24 hours, and more preferably at least 300 hours 
when stored at about 22°C, 

[0059] The Inv errtiVG process employs chemicals that are accepted for use in the electronics Industry, because they 
do not contain contaminants which reduce the efficiency of preparation of Integrated circuits. HCI, HBr, H*SO., and 
HaTO 4 acid catnysts, catlonlc surfactants and anionic surfactants are preferably avoided, as they contribute undeslr- 
able countar-ionr. to the films of the invention. However. HNQ 3 is an acceptable acid catalyst presumably due to Its 
k^™ 5 I l ac0n,p ^ ion P roducls ' Fiirns of *e invention preferably contain contaminating metals in amouhts less 
than 500 pans pr : r million (ppm), preferably lee* than 1 ppm, more preferably less than 500 part per billion {ppb), Films 
of the invention r.referabry contain contaminating halides in amounts less than 1 ppm, preferably less than 750 ppb, 
more preferably less than 500 ppb, KH 
[0030] it is pebble to prepare these films in a period of time, typically less than 30 minutes, which is acceptable to 
achieve reasonable production rates of Integrated circuits. 

[O031] In order to reduce the dielectric constant, It is preferable to dehydrate (anneal) the dried film. This may 
be done by placing the substrate in a dry atmosphere with an agent, such as haxamethyldlsllazane (HMDS -- see, e. 
g., Ufa. Patent Nt>. 5,955,140), or by otherwise contacting the substrate under suitable conditions with HMOS. HMDS 
substitutes tnmeif lyMlyl groups for much of the water and/or hydroxyls bound to the dried gel's pore surfaces. This 
replacement may oe performed at room temperature, or warmer. This replacement can not only remove water and/or 
hyorexyls, It can r*lso render the dried film hydrophooic. 

[0032) The invention will be illustrated in more detail with reference to the following Examples, but it should be un- 
derstood thai the p .resent Invention Is not deemed to be limited thereto. 

[0033] in the Examples, dielectric constants were determined according to ASTM Standard D150-9B, Film porosity 
was esumated by ihe Maxwell model with the film dielectric constant and the dielectric constant of dense silicon oxide 
(4 2). The films w*re spun on low resistance (0.01 jjem) single crystal silicon wafers and calcined to 400-C. After 
calcination, the film thickness (d) was measured by a Tencor P-2 profilomaler. The thickness enor is less than 2% 
The capacitanco-vurtage were measured at 1 MHz with a Solotron 1 260 frequency analyzerand MSI electronics Hgooi 

capacitance end the mercury electrode area (A) are less than 1%. The substrate 
£S? ^ff.**' (C ^' ground capacitance (C,) and total capacitance (C T ) were measured and the film ca- 
pacltence (Cf) rs a .leulated by Equation <1 ): 

C f - (C,. - C b )/lCj - (C^ . C b )] Equation (1). 
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The dielectric constant of the film is calculated by Equation (2): 

e = C| d / A Equation (2) 

s 

The totar enr.r of the dielectric constant is expected to be less than 5%. 

[O034J ThE- fifrn porosity can be measured by spectroscopic eUipsometiy l< th ere Is waier adsorption. The films were 
spun on a single crystal silicon wafer and calcined as in Example 2. The signals were collected by an SE BOO (Senrech 
Instruments . ;MbH) and calculated by Spectroray software using the Bruggcmann model. Trie thickness and percent- 
age of air wei * simulated in the wavelength range from 400nm to 300 nm with mean square error about 1 or less Trie 
simulated thi.-knesses usually were In good agreement with the thicknesses measured by profilometer (within a few 
percent differ snce). 

Example 1 : Siandard stock solution using HCI as the add catalyst 

[0035] A stack solution was prepared using HCI as the acid catalyst. Into a dean PTF£ container WDre measured 
in the folJowinc, order: 61 ml tetraothylorthosilicate (TEOS), 61 ml ethanol (absolute), 5 ml delonlzed water, and 0.2 ml 
0.07M HCi solution. The container was sealed, and placed in a water bath at 60°C for 90 minutes. The solution was 
allowed to coka to room temperature, and was then used to prepare a spinning -solution. 

Example 2: Si.indard spinning solution using 0.07M HCI 

[0036] A sprming solution was prepared using the above stock solution, by mixing into a tared polypropylene bottle 
10 ml of U» «ock solution, to mi ethanol, 0.42 ml referred to as tridecafluoro- 

1 r I 2 r 2.letrahy.jroocty|.l-triethox ye flane (TFTS). 0.4 ml daionized water, and 1.0 ml 0.O7M HCI. The weight of the 
solution was ootermJnod, and Pluronlc L121 (ethylene oxido-propyleno oxide (EO-PO) block copolymer) surfactant 
was added at «: wo.oht percent of that amount. The rosurting solution was sonicated for 20 minutos. and the resulting 
clear eolorf as* solution was filtered through a 0.2 micron syringe filter. 

£0037] A thin film was prepared by depositing ijst ml of tho spinning solution onto a SI Wafer, while spinning at 500 
rpmfor 10 seconds the speed was increased to 3000 rpm for 25 seconds. The film w QS dear and homogeneous across 
the wafer, M-Mdon to produce the porous silica film was done In a IM 2 purged box furnace, by healing the film at 

S J? TT" C ° 425 * C> and h0idlnfl at 425 ° C ,Dr 30 mlnutos - T** ?umace was allowed to cool to room temperature, 
and the film ch. .racteristics were measured uslno spectroscopic ellipsometry. The resulting Tilm was 0.72 microns thick 
With a ref ractlvu index of 1 .1 960. This refractfve Index relates to a porosity of 55.9%, and suggests a dielectric constant 

Qi 2.19. 

[0038] Examples l and 2 are representative of the use of HCI as the acid catalyst and a por/alkyfene oxide block 
copolymer as a surfactant. The use of HCI as a catalyst in the preparation of sol gel solutions would preclude Its use 
in microelectronic applications. Potential reactions with both metab used to form integrated circuits as well as barrier 
materials could cause significant reduction In the efficiency of these circuits. It is critical that alternative catalysts be 
«° found, which pruvide at least equivalent performance in the preparation of the films In terms of porosity and dielectric 
constant /Kcepiabie candidates are acids that do not corrode metals commonly employed in microelectronics, such 
as Gu and W, 

[0039] Aceoru.ngiy, experiments to Identify alternative acid catalysts were carried out with hydrofluoric add (HP), 
acetic acid (HOAc), oxalic acid, and formic add. All were used in both Steps of the process to prepare Thus, with fixed 
unctonal group and surfactant. Brlnker and Schercr (Brinker and Stfierer, Sol-Gel Science, p. 1 18 (Academic Press 
inc Harcourt B.ace Jovanovich Publishers. 1990)) lists the gel times and pM lorTEOS systems employing different 
^TS*! AI cor,etBnt Bcld molar amoum ,0 "^OS- HF gives tfie shortest gelation t™ pz hours), followed by 
HOAC (72 hours, and then HCI (92 hours). This suggests that fit the same concentration, HF and HOAc should give 
comparabte periunnance In HCI in ihla appllcallon. However, Examples 6-10 (below) demonslrale thai, at equivalent 
concentration, m*m cf the alternate adds showed comparable performance to HCI. Thereto*, similar tests were con- 
ducted us.nglM HOAo and concentrated (i.e.. 99.7%) MOAc (see Examples 1M4, bdow ). The results Indicate that 
there is an mAroon period" for the acetic add solutions, but after about four days, comparable results were obtained 
when compared io similar solutions using HCI at 0.07M. Both solutions remain active for at least two weeks at room 

* tZ^Zti^^? r !°T , ! mpcraturo ' lho8C solutlD "s ^yond that ported. Those results arc 

» demonstrated in ineehelMifo study, Examples 12 & 14, below. 
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Example 3: Srock solution prepared using 0.07M HF 

{ Zmut£^ acid catalyst. Intoaclean PTFE container were 

^" I 9 W 61 ml TEOS ' 51 ml ethano1 5 ml deionizod water, and 02 ml 0.07M HF 

containof WflS $ealQd » and P ,ac ^ m a water bath at BO'C for 9o minutes. The solution was allowed to 
U ' mperfltur ®' ano was men used t° Prepare all of the following spinning solutions. Three different spinning 

JOSTLE? P u P /m 115,09 thiS 8t0Ck £o,uTion ' eaeh had a amou * °< °'°™ HF. Since HF Is a 

weaker aad than HCI In water, trie amount was varied in an attempt to compensate for the weaker acid. 

Example 4: Spinning solution prepared using 1.0 ml 0.07M HF 

[0D41J m a polypropylene (PP) twttte the following were measured in the order given: 10 ml slock solution above 
JtoiS^ In** ml r^ $ ' I* ml del ° n[2aC( Wflten and 1<0 ml 0 ' 07 M HF solution. The weight of this solution was 

Zfl T , m 8 T UKraSOnlC balh - 71,0 resu,t,n9 "omooeneous. clear soluiion was Tillered through a 0.2 micron 
™ • « " Spun Omo 8 pr|nne ,ow n»teiWiy 4 inch $1 wafer, by dispensing 1 * ml of the final 

soiutton omo me center of the water, while spinning at about 500 rpm for about 10 seconds, and men spun ai 3000 
rpm tor 25 se C t>nds. The films were then calcined In a N 2 purged box furnace by heating at ETC per minute to 425'C 
hoidjng «( lenvmlura for 30 minutes and allowing ihe rurnace la cool to mom lemporalure. The nfen was ihen tested 
by measunng me refractive Index, 

Example 5; 0M mJ 0.07M HF spinning solution 

[0042] Thiss^utionwaeprcparcdusfngthcstock solution In Examples. Instead of using 1.0 ml of 0.07M HF solution 
25 a* ^Exanple^ 0.8 ml were used. Trreso^^ 

Example 6: 14 ml 0.07M HF spinning solution 

[0043] This solution was prepared using the stock solution in Example 3. Instead of using 1 .0 ml of 0 07M HF solution 
as m Example a i 2 mi were used. The solution was treated the same as in Example 4. 

Example 7; StocK solution prepared using Q.C7M acetic acid 

[0044] A stccK solution was prepared following Example 1; except using 0.07 M acetic acid in place of HCI in the 
& process. The same amounts of the other reagents were used. 

Example 8; Acono acid spinning solution 

. D IT 3 f i ' r ^ P °! 3 ^ ,er,e b0ttte Werc adcted in the fo,,owin 9 D * er: 1 0 ml st0 <* solution prepared in Example 

7JPmJettanol,w.42mlTF^^ 

was added. Thai weight was 8 weight % of the solution weight. T^e solution was sonicated for 20 mrnutos and the 
resulting clear, colorless solution was filtered through a Q.2 micron syringe filter. 

Example a: Slocl* solution prepared using o,D7M formic acid 

[0046] A stock solution was prepared following Example 1 , except using 0.07M formic acid In place of HCI in the 
process. The san iQ amounts of Ihe other reagents were used. 

Example 10; Fonnic acid spinning solution 

[0047] into a tared polypropylene bottie were edded in the following order 10 ml stock solution prepared in Example 

fJl^nf T J? T^f 'u 04 m ' dd ° nteCd Wat0r ' and 1 ' 2 m * °' 07M fermic fleW ' To that solution 1.58 g L131 

sudactant was adued. That weight was 6 weight* of the solution volume. The solution was sonicated for 20 minutes, 
and the resulting c lear colorless solution w BS filtered through a 0-2 micron syringe filter. 

15 ^JZ"!^?^? f ,Ut T fi ^ Bffl "*~ 4 ' 5 » 6 ' 8 and ^ were used to prepare fitns on S| wafers in the 
same way. About 1 .2 ml of each solution was dispensed separately onto an individual wafer. The wafer was spun at 

nlJTJZL l Se T 'T ^ aC5CB,erated To 3000 and held for 25 seconds. At the end of the process, the 
wafers were placed in a N s purged box furnace, and heated at 5 6 C per minute to 425*C, held for 30 minutes and 



30 



ISOOClO:<ep 11 23753 A2 I > 



PAGE 21150 1 RCVD AT 31812006 1:30:47 PM [Eastern Standard Time] ' SVR:USPT0-EFXRMf5 ' DNIS:273S300* CSID:4048817777* DURATION (mm-ss):13-14 



Mar-08-2006 01:39pm Frora-ALSTON AND BIRD 



4048817777 



T-208 P. 022/050 F-026 



EP 1 123 753 A2 

allowed to i:uol to room temperature. Nona of these films survived the calcination process. It was surprising that the 
alternate acids were ineffective in catalyzing the sol gel reaction at the concentration and amount used In the Examples. 
Given the data In Brinker, one would have expected similar results at the same concentration. 
[0049] The solutions were stored In the refrigerator and used to prepare films again after different times. After four 
5 days, the a<:<?iic acid and HF cataiy2ed solutions were able to spin good films with poor optical quality, but porosiiies 
of about 60 c -, while the formic arid catalyzed solution could not. 

[0050] Ex. tmples 11 and 12 demonstrate the effect of concentration of acetic add on fitm characteristics. As noted 
above, the o 07M HOAc and formic acid films were of poor quality initially. Therefore, the concentration of the acetic 
acrd catalyst in both the stock solution and spinning solutions was VBried. Two different concentrations were used, 
10 1.0M and concentrated (89.7%). 

Example 11 i ,0M HOAc stock solution 

[0051] A sioclc solution was prepared following Example 7, replacing the 0.07M HOAc solution with 1.0M HOAc 
is solution. All other reagents were the same, and the solution was treaied as in Example 7. 

Example 12 i.OM HOAc spinning solution 

[0D52] A spinning solution was prepared following Example 8, except using 1 .0 ml of 1.0 M HOAc In place of 1 2. ml 
of 0.07 M HOAc in the process. The seme amounts of the other reagents were used. After two days aging at room 
temperature, this spinning solution produced films 547* porous and about 0.2 microns thick. 

Example 13: Concentrated HOAc stodc solution. 

[0053] A st^k solution was prepared following Example 7, replacing the 0.07M HOAc-solution with concentrated 
{99,7%) HOA«.\ All other reagonts were the same, and the solution was treated as In Example 7. 

Example 14: < :oncentrated HOAc spinning solution 

[0054] A spanning solution was prepared following Example B, except using 1 ,0 mi of concentrated (99,7%) HOAc 
in place of 1 ml of 0.07 M HOAc in the process. The same amounts of the other reagems were used. After four days 
aging at room temperature, this sol produced films 58% porous and about 0,5 urn thiefc. 

Example 15: Shelf-life study 

[0055] A sei of experiments designed to study the effect of the age of the spinning solutions was carried out using 
concentrated ..ectfe acid and 0.07M HCI to determine if there were any effects due to the use or an organic acid as 
the catalyst for the sdI gel reaction. 

[0056] Two .lifferent stock solutions were prepared: (1) a first stock solution with concentrated acetic acid (99.7%) 
and (2) a secondstock solution with 0.07M HCl. Spinning solutions were made as slated above using HCI and HOAc 
and were eithf r stored in the refrigerator or at room temperature. Films were Spun from the sols every few days. The 
films were then characterized by spectroscopic elKpsometry to determine the refractive Index, which can be related to 
amount of pomslty and ultimately dielectric constant. Table 1 summarizes the results of the study. 

«3 Table 1 



Acid 


Acetic 


Acetic 


HCI 


HCI 


Stored 


Cold 


Room Temp 


Cold 


Room Temp 






Porosity (%) 






Dbvs Old 


Example 14 


Example 1 4 


Example 2 


Example & 


1 


40.7 


50.5. 


61.0 


57.4 


2 


4B.7 


55.8 


59.9 


55.2 


3 


35.6 


40.3 


52,5 


35,3 


8 


51.3 


37.5 


54.0 


37.7 



35 



*0 
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90 



10 



Acid 


Acetic 


Acetic 


HCl 


HCl 


Stores 


Cold 


Room Tomp 


Cold 


Room Tamp 






Porosity {%) 






Days Old 


Example 14 


Example 14 


Example 2 


Example 2 


10 


56.6 


46.1 


55.4 


49.1 


14 


53.5 


32,0 


50.2 


38S 


21 


57.9 


48.3 


56.7 


53.6 



so 



™. e ^"ventors have dfeeoverod that it te possible to prepare films wit), varying pcxosity by manipulating the 
oTZla * aCtent 8 tormu,fttion - A ^ of porosity is eddcat to Lbieve a aeleelk eonstam 

oSrics^ ESJ^EET- th0 ^ te,ect,le 1 TOnstani ° r a "**«« °' trials and air. Mixtures of ideal 

tT^tTopX^f^ ISyerS e,mef P afal,el "Perpendicular* an applledffeld. Ramos et al., 443Mat. 
n^M^i L-i M ? P fesent6 dala ,0r soma bulk aerogel materials which comitate w»h the parallel 

f e 2£2^ 7? ( ° r P ° r0S,,y) 10 11,6 die,ectrie wnstem °' a malGriaJ - * eomplamentaof 
KS? ■£ . rela k U6nshl0 de ™*by M«well (see Klngery et al.. above), which is based on spherical particles 

imfntafe™ 

hS • . ; p,,,ntS OUt * rt 18 lm P° rta '« to able to tune the porosity of films to achieve the appropriate 

MMte com as wall as mechanical properties. The abUy of the mesoporousfflms of the Instant invenZSS 
In porosrty Is doable for both extendfellity and ability to meet current integration requirements * 

Example to: Solutions containing BriJ 56 and PTES orTFTS 

ZL a ?'n II'^ESW re8triC,Ml "* Ch ° l,ieS ,D ""tonlcaurtactams in order to reduce potential contaminants 
So^d ™ flnd ri ha " des ™ated with the catlonicsurfactams typically used. Btock copolymer, of ethylene 
TZZZZ P T . J ' X,de , as¥ve " a$ P°ryoxyelhytene ethers were used as surfactants. The amount Qf surfactant as 
tZ^Z, ,°" 8P in9 S ° ,UtiC,n Wa£ exami ^ J - 'n addition, two different functional groupe were analyzed. 
The fane tlenalgioupe are monosubstituted ethoxysllanes. with the general formula R-SKOChTch,). In this case the 
b^ functional groups (R) studied were phenyl (PTES) and (CH 2 ) 2 (CF 2 ) 5 CF 3 fJFTS,. ^ 3 ' 

L« i, rt nH S ^ n, ?n e 1 ,Ut i° n W fl? r0pared U8ln 9 10 ml 01 a S, ^ k eolutior ' P^parcd in Example 1 . the stock solution 
was d luted wm, 10 ml ethanol, the molar amount of functional group as a percent of the total silica In the solution 
indited m Tebl* 2 was added, along with .0.4 ml deionbed water, and 1 .0 ml O.Q7M HCl. The weS pV^rt Se 
r^ZZ CS8e B -' j ^• H »««*V!^oOH» as indicated In Table 2 was added te theYotuSach of 

1^ T ,6r 20 m ' nU,es and ,i,tered a °* ™ ron "y*^ ™« Each Elation was then 

spun onto a Si W; .fer, using about 1.2 ml of the spinning solution for a four-inch wafer. Spinning speeds end duration 

SLTST 10 m °~"° ted in the ■ bw * examp,es - ^ wafera were ,hen "Wned in a box furnace by heating the 
21^' h 8 I 6 '* PSr minUte 10 42S ' C ant ' holdin9 ,or3 ° minu,os "P'lns to room temperature. The 
£^'n t t'?**, "T* ^ < ! teUred USh19 s P ertr ««c 0 plc eilipsometry end the porosity of each wL cateulatSf 
2 JTST P ? V h 8 6 ° f ea<± fUm iS Sh0Wn h TablB 2 - ln *• 6380 01 the film prepared with 5% TFTS and 6% Si 



Tables 



|To% PTES 


4% Bri| 56 


6% BriJ 56 


6% Brij 56 


10% BriJ 56 


12% BriJ 56 






35.1 
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Tabloa (continued) 



5 





4% BiT\ 56 


6% BriJ 56 


8% BriJ 56 


10% Brij 56 


12% Brij 56 


35% PTES 




34.6 








5% TFTS 




41.9 


49.fi 


50.7 


51.2 


20% TFTS 


53.4 


52.6 


54.fi 


52.1 





Example 17: Solutions containing Pluronic PI 23 and PTES or TFTS 

[0062] Tabie 3 shows the percent porosity results from this study, which largely corresponded to Example 16 with 
Pluronic P12;i substituted Tor BriJ 58. 



Table 3 



15 





2%P123 


4% PI 23 


B%P123 


B% Pi 23 


10%P123 


20% PTES 




23.7 




43.5 




35% PTES 












5% TFTS 






C2£ 


56.1 


56.7 


ZO% TFTS 


49.0 


51.5 


55.4 


Rim failure 





Example IB: solutions containing Pluronic L121 and PTES or TFTS 

[0063] Tabic 4 shows the percent poroerty results from this study, which largely corresponded to Example 16 with 
Pluronic L12i substituted tor Brij 56. 



Table 4 



30 





4%L121 


6% L121 


8%L121 


20% PTES 








35% PTES 








5% TFTS 




59.1 


59.2 


2D% TFTS 


S2.5 


58.8 





[0064] Fig. i shows me resurte from Examples ie-18. The results demonstrate that by van/lng both the type and 
amount of suri«.etani rt Is possible to tune the po rosity of the film© to achieve the desired dielectric constants for this 
^ application, ana that there is a critical amount above which viable films will not form. This Is not implied or suggested 
in the prior art r eferenees. 



Example 19: Pi ©dieted versus actual measured dielectric constants 



« 5 [0065] A serifs of films were prepared on low resistivity, prime Si wafers end their dielectric constants measured by 
Hg probe, with minimal exposure to the ambient atmosphere. Table 5 compares the measured dielectric constant 
valuas with the values calculated based on the films* porosity estimated from the refractive index measured by spec- 
troscopic eHrpsnmetry. 



Table 5 



Film 


Veld Fraction 


Measured k 


Predicted x Maxwell 


5% TFTS / B% Brij 56 


0.471 


2.45 


2.46 


5%TFTS/6%P123 


0.460 


2.46 


2.43 


5% PTlvlS/e%Pl23 


0.200 


2.93 


3.07 


5% TFTS/ 6% P1 23 


0.498 


2.31 


2.37 
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TabloS (continued) 



3 



Film 


Void Fraction 


Measured k 


Predicted k Maxwell 


5%TFTS/6%L121 


0.507 


2.19 


2.35 



[0066] The i • irreepondence tor the predicted k value using the Maxwell equation and the actus! measured dielectric 
value are wlth.n The experimental errors associated with bolh techniques. This example demonstrates the validity ot 
using porosity m the film determined by spectroscopic elllpsometry to predict the dielectric constant. 

Example 2D: Pore si?e determination 



10067] Using a spinning solution as described m Example 2, a thin film was formed on a Surface Acoustic Wave 
(SAW) device ivi descrbed in U.S, Patent No. 5,656,457, and also on a single crystal Si wafer. The films were treated 
In a similar manner as in Example 2. A nitrogen adsorption isotherm wbs measured on the film coated on the SAW 
device. From tnis data, a pore stee distribution was obtained, as is described by Glaves et aL, 5 Langmulr 459-66 
(1989). The pore size drstrfeutlon is shown In Fig. 2. 

[006SJ The dielectric constant was measured as discussed In Example 16, it was found tD be 2.17, which Is very 
comparable to me dielectric constant that woule be calculated uslno, the MaxweiJ equation (2.19), 

Example 21: Study ot films prepared using acetic acid as the acid catalyst and methyftrtethoxysiiane (MTE5) as the 
functional group 

[0069) A stock solution was prepared as in Example 1 3, with concentrated acetic acid. One hundred ml of this solution 
was diluted with 100 ml absolute cthanoi. To this 2.2 ml of MTES, 4.0 ml of deionteed H 2 0, and 1 0 ml of concentrated 
HOAcacid were added. This solution was usedto prepare 20 different spinning solutions using five different surfactants 
at various conei Titrations as indicated in Table 6, Pluronic Ft27 is available frcm BASF. 



Table 6 



30 



05 



45 



Solution Number 


Surfactant 


Weight percent in formulation 


1 


L121 


4% 


! 2 


Li 21 


6% 


3 


L121 


8% 


4 


L121 


10% 


5 


P123 


4% 


6 


P123 


6% 


7 


Pi 23 


8% 


8 


P123 


10% 


9 


Bn}5fi 


4% 


10 


BrijSd 


6% 


It 


BrljSB 


8% 


12 


Bnjse 


10% 


13 


BriJ56 


4% 


14 


Bri}56 


6% 


15 


BrfJ56 


8% 


•16 


Bfij56 


10% 


17 


F127 


4% 


1fi 


F127 


6% 


19 


F127 


6% 



10 
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Tablcfi (continued) 



Solution Number 


Surfactant 


Weight percent in formulation 


20 


F127 


10% 



[0070] Aftei the spinning solutions had aged for 5 days al ambient temperature, films wore prepared on Si wafers 
and on SAW devices under the following spinning conditions. The solution was dispensed onto a wafer spinning at 
500 rpm, the wafer wss sp un at 500 rpm for 7 seconds, and the wafer was then accelerated to 1 200 rpm for 40 seconds,. 
The films we; c- calcined as In the above examples, and spectroscopic ellipsometry was usedto determine the refractive 
index and flin . thickness. The dnta for these films are summwed in Table 7. 



Table 7 





Number 


Median Pore Size (A) - SAW 


Rl 


Percent Porosity (Ellipsomefy) 


Thickncss(nm) 


75 


1 


- 


1.235 




370 




2 


37 


1.187 


5B.5% 


450 




3 


40 


1.173 


61 .4% 


450 


SO 


4 


44 


1.16B 


63.0% 


450 




5 




1.24a 


46.0% 


370 




5 


37 


1.174 


61.0% 


460 




7 




1.195 


56.S% 


517 


25 


e 




1.372 


20,1 % 


333 




& 




1.277 


39,7% 


275 




10 




1.235 


48.2% 


293 


30 


11 




1.22S 


50.4% 


288 




12 


40 


1-219 


52.0% 


310 




13 




1-249 


45.6% 


273 




14 




1.237 


4*1 % 


276 


03 


15 




1.234 


48.7% 


258 




16 




1.228 


50.0% 


273 




17* 










40 


18* 












19* 












2Q m 











* ■ poor fen. auflJlty. come erodOng noticed. 
43 



[0071] This study snows that the Pluronic F127 is not an effective surfactant at the concentrations tested. In the ease 
of both Brij surfactants, the amount of porosity was insufficient to give e low dielectric constant film. The P>1 23 surfactant 
did yield a film *t>ove 60% porosity at 6 weight % in the formulation-. At highor levels, it appeared to be ineffective. It 
is Interesting th*t there appaBre to be an optimBJ surfactant level for this particular surfactant 

Example 22; Effect of porosity using different alcohols 



[0072J A stock solution was prepared by combining the following in a clean FEP bottle: 61 ml of TEOS, 61 ml of 
isopropyl alcohol (IPA), 5,2 ml delonized HfeO, and 0^ mi of concentrated HOAc. Thte clear mixture was heated in a 
& water bath at 60~C for 90 minutes. The stock solution was allowed to cool and used to prepare the spinning solutions 
used In the following examples. 



if 
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10 



15 



Example 23; Spinning solution with only IPA 



SH> in , n^^T^T' 10 ' nlof ^ B 1ock solution from Example 22, 10 ml IPA. 0.22 ml MTES. 1.4 

S!'^! 0UI t % b L WeiflW ° ,the lotal arnoum of fi P ,nnin 9 solution.^ amount^ fixed so that a 

tk " T 6 WadB Wtth dmerem alC0h,>,6 hflvin S c,lffereflt ™ teCular ™9 h * and higher boiling points 
than atnanol. The solution was sonicated and filtered as noted in the above examples 

I0074J This solution was spun onto a single crystal Si wafer and a SAW devi ce using the procedure from Example 
SI. The films «ere calcined according to Example 2, and the dielectric constant by Hg probe as well as the refractive 
trlVw ^■" PS ^ BlTy ^ re measgred A N a sorption and desorption isotherm was obtained on the film spun on 
the SAW device. These data are summarized In Table a along with the data for Examples 24 and 25. 

Example 24: I: obutanol used to prepare the spinning solution 

[QQ75J This f .xample Is similar to Example 23, but usee isobutanol instead of IPA to dilute the stock solution. 
Example 25: Vn-butanol Obutanol) used to prepare the spinning solution 

[0076] This t-xample i B similar to Example 24, but uses t-touianoi instead ol isobutanol to dilute the slock solution. 
Example 26: W.ifer post treatment 

hTTIL A T! "Jl eb ° Ve ' * 18 ,mpom " 1 10 c ° mrol a™""* ot ««ter adsorbed into the pores of the film, since water 
, h " d ^"f " conslam - « 18 ,lk0| y *■« the presence of eurfaco hydroxyl groups load to molsturo adso^tion. It 

te WeMI known th.H there are ™ny pMi6 ffc,|e ways to react these and render a surface hydrophobic. In the above axem- 
rl7^Z°^ ^^"TT! ^v***"™ <•*• TFTS, PTES, and/or MTES) to yiold a surface function group 
reduces the drc.ectnc constant. It may be necessary to further remove or react additional surface hydroxyl groups 

Il7^ B ^ P °T TWteS ^ (£e6> lmpens * al - 1*™?°™* «™ Mesoporous Materials 1 ^9. 28. 
foL^c^ We Dr ! ew,m,nBd ,ne 030 ° f a «l"9 ^agent, hexamethyldlallararH, (HMOS). 
„S . a ° COrdi " 9 t0 ^""Pl* 23 a nd 24 ware removed from the box furnace after calcination and 

placed In apetn dish. Neat HMDS was dispensed onto the surface of the film with a syringe. The petri dish was then 
covered and the fi m was allowed to sit in contact with the HMDS for several minutes. The excess HMDS was drained 
f t f thS WafW WM Pfaced °" B holp,ate at about 35o ' C for °™ winute. Properties of the 

the refractive mclex. The results are Shown in Tfcble 8. 









Table B 


40 


Number 


j Alcohol 


Day$ old 


HMDS 


Median 
Pore Size 
(A) - SAW 




Rl 


Percent 
Porosity 
(EHIpeornetry) 


| Thickness 
(nm) 




23 


Isopropanol 


5 


No 






1.092 


78.8% 


690 




24 


isobutanol 


5 


No 






1,147 


67.0% 


615 




25 


t-biitanof 


5 


I No 






1.133 


70.0% 


326 




23 


lsop« opanol 


7 


No 


56 


2.70 


1,144 


B7,6% 


70S (675) 




24 


teobutanol 


7 


No 


69 


2,63 


M55 


65.2% 


651 (626) 


so 


25 


t-butano, 


7 


No 


68 




1,137 


69.1% 


373 




26-1 


isopiopartol 


7 


Yes | 




2.12 


1.1-52 


65.9% 


709 (645) 




26-1 


isobutanol 


7 


Yes 




2.0B 


1.169 


62.6% 


653(619) 



El V .wi" !e * Tab ' e 8 h P aramhe8es are thicknesses as measured by prf ilomeny using a Tencorfor oom- 
^Zn w£HM^T^f U,aI ^,'^ *!*> Som «" ™*™«™t This study clearly shows that an a« IPA 
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Example 27 X-ray diffraction data 

[OO80J ThL- low dielectric constant property of mesoporous silica films results from high porosity associated with 
empty mesopjores. The pore geometry and spatial arrangement of mesoporee In the amorphous silica matrices can 
5 be remarkabi/ periodic, but also may appear Dc-ray amorphousdin materials with no long range spatial pore ordering. 
Although the-.-e materials may exhibit isotropic bulk properties in powder form, their mechanical and electrical properties 
maybe anisoiropic in h(gnly textured (I.e., single crystal) thin films because of the geometry and orientation of the pore 
system relative to thB SI wBfer surface, 

[0081] X-rav diffraction techniques provide one of the best methods to structurally characterize these materials. In 
10 contrast to Tl- M images, x-ray data can be obtained nondestructive^ from the wafer without sample preparation, and 
averages ovr r millimeter areas as opposed to nanometers. 

[0082] Meroporous silicas were initially prepared as powders and x-ray powder diffraction techniques were instru- 
mental in dele/mining the structural nature of these materials and in routine phase Identification. Beck et a)., OfK new 
family Df masoporous molecular sieves prepared with liquid crystal templates.Q 114 J,Am. Chem. Soc. 10834- 43 

rs (1992). The powder diffraction analysis of these materials requires data collection at relatively low.dfff motion angles 
(0.5°-2.0 W 20) oecause of the relatively large spacings (zo-i oo A) associated with tne primary lattice translations. White 
not terribly dlihcuft on a modern powder dJffractometer, these measurements oo require careful low-angle Instrument 
alignment anfl sample preparation, however, analyzing thin films of these materials on water substrates presents 
serious cfiaJlL-iiges Tor conventional x-ray powder difJraciomelers. Our early experiments revealed large changes in 

to diffracted Intensity due to minor changes in wafer orientation. Subsequent studies wfth area detectors confirmed that 
these Intensity changes resulted from highly textured films. Some films were more like single crystals than randomly 
oriented powuors. 

[0083] Another problem is related to wafer size. Conventional powder dHimctometers cannot accommodate large 
(e.g., 6 inch oi B inch) diameter wafers, Thoso problems led us to evaluate additional x-ray tech nlquos and instrumen- 
ts tation, including aroa detector systems and grazing Incidence x-ray refleetlvtfy (GIXR). See, e.g., Bowen et aL, Nan- 
otechnology, 1993, 4, 175-182, 

[0084] Diffraction instrumentation with e high-resolution sample stago and area detector instead of a asne-dlmen- 
sionaO scintillation counter offers significant advantages for analyzing textured materiate. Instead of recording only a 
small segmeni of a diffraction ring, an area detector can record the complete ring in transmission mode and one half 
30 of the ring In r«tflectlon mode. This Is sufficient to detect some single crystal reflections and low resolution specular 
and diffuse gn^lng Incidence x-ray reflection data. Grazing incidence analyzes x-rays reflected at low angles from the 
sample surface. Unlike conventional diffraction techniques, GIXR Is sensitive to the electron density distribution in the 
top micron layers of the surface and is Independent of crystallinlty or physical state. 

[0085] Higrwesotution GIXR data was obtained on a Bode D1 diffraction system With a high-resolutkan five-axis 
35 sample stage, a Si (220) incident beam monochromator, a scintillation detector and CuKa radiation. GIXR data was 
Collected in 9-^8 mode from 2S are seconds to 2500 arc seconds, Figs. 3 and A show representative GIXR data for 
films prepared according to Examples 2 and 1 4, respectively. 

[0086] Rg. 3 plots intensity verses angle In arc seconds. This diffraction pattern is consistent with a film that is about 
5Q0OA thick and has approximately 47% of the density of bulk silica. This Is consistent with the eHipsomotry data shown 
*o in Example 2. The plot shows only reflectivity of the x-ray beam. There is no indication of Bragg diffraction in this 
angular range. This result indicate© that although the pores present In the film are of uniform size (as show in Fgure 
2, Pore size distribution from SAW data), the degree of order Is not on a long enough length scale to diffract the incident 
x-rays. 

[0087] Rg. 4 shows the GIXR data for a film prepared according to Example 14. This film is very different than the 
*s film produced In Example 2. in this case, the sample shows no fringes, out also no appreciable density gradients (i.e., 
the film is isotropic). There Is a Bragg diffraction peak at about ibbo arc seconds (1 .04° 2ft). This relates to about a 
65A pore cenlei lo pore center distance. Although Ihe film does show Bragg dirfradion, II is outside the range observed 
by Brinker et ai. In U.S. Patent No. 5,658,457. 

so Example 58: Unr unctionaifced films using concentrated HOAc 

[0088] A spinning solution was made using 20 ml of stock solution prepared according to Example 13, 20 ml of 
absolute ethanoi. 0.5 ml TECS (in place of any funetionelized trielhoxyeilane). O.fl ml deiohizod water, and 2.0 ml of 
concentrated acmk: acid. To this cleer and colorless solution was added O.OOg of L121 surfactant, accounting for B 
ss weight % of the .-spinning solution. The solution was filtered through a 0.2 micrometer syringe filler, and split into two 
equal lots. One >ot was placed In a water bath at 70 W C for 3 hours. Th© heating was done to see ff it could be used to 
reduce the indualon period seen with acetic acid containing solutions. The other lot was allowed to stand at room 
temperature. 
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[0089] Both solutions were spun omo single crystalline Si wafers Jn Accordance with the procedure described In 
Example 20. rhe films were treated as those of Example 20. Characterization data are shown In Tabte 9, along with 
comparative nata from Example 29. . 

5 Example 29: Unfunetlonalized films using 0.07M HCI 

[009D] This is a comparative example to Example 28» using a stock solution like that in Example 1, and replacing 
the concenrrtiied HOAc in Example 28 with 0.07M HCI. this solution was difficult to filler through a 0-2 micrometer 
syringe filter, j,o a 1 ,0 micrometer filler was used. The solution was split into two lots, and treated as in Example 28, 
10 The characterization data are shown in Table 9. 



Table 9 



30 



Number 


Days old 


PI 


Percent Porosity 


Thickness (nm) 


HOAc heated 


0 


1.2112 


52.fi 


140 


HOAc room temp. 


0 


1.2698 


40.2 


33.3 


HCI heated 


0 


1.1995 


1 55,1 


770 


HC| room temp. 


0 








HOAc heated 


1 


1.1817 


58.9 


193 


HOAc room temp. 


1 


1.2102 


52.8 


98.0 


HCI heated 


1 


1.1924 


56.6 


726 


HCI room temp. 


1 


1.1692 


61.6 


792 


HOAc heated 


7 


1.1566 


84.3 


489 


HOAc room temp. 


7 


1.1569 


63.8 


431 


HCI heated 


7 


1.1910 


567 


717 


HCI room temp. 


7 


1.1844 


58.3 


729 j 



[0091] This study shows that the heating Is somewhat effective In speeding up the aging process. The Initial films 
for the acetic acid (both heated and room temperature) are very thin, variation of the spinning conditions would be 
3S necessary to gti films or useable thickness. After seven days, it appears that the porosity and thickness tor both of the 
[0092] HOAc ritms are comparable and would stifl yield useful low dielectric constant films, but the HCI films appear 
to be getting mere dense, This demonstrates the potential to use heating oT the solutions with weaker adds to reduce 
the length of thn induction period required to yield useful f Jims. 

40 Example 30: Stock solution prepared using 0.1 0M oxalic acid. 

[0093] A stock solution we* prepared following Example 1. except using 0. 10 M oxalic acid In place of HCI in the 
process. The same amountB of the otner reagents were used. 

is Example 31 : Oxalic ackf spinning solution. 

[0094] Into a ti.red polypropylene bottle were added in the following order: 1 0 ml stock solution prepared in Example 
30, 10 ml ethanvr, 0.22 ml MTES, 0.4 ml delonbed water, 1.0 ml 0.10M oxalic acid. To thai solution 1.51 g L 121 
surfactant was anded. That weight was a weight % of the solution weigh!. The solution was sonicated for 20 minutes, 
so and the resulting clear, colorless solution was filtered through a 0.2 micron syringe filter 

[0095] This soUrtion was spun onto single crystalline Si wafers by depositing 1 .2 ml of the spinning solution onto a 
wafer while spinning at 500 rpm for 7 seconds. The speed was then ramped up to 1200 rpm for40 seconds. Calcination 
of the films was enrried out as described In Example 2. The resulting films were characterized by spectroscopic ellrp- 
sometry. Results rite shown in Table 10. 
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Table 10 



10 



15 



20 



30 



$5 



Age of Oxalic Add Sq| (days) 


Rl 


Percent Porosity 


Thickness (am) 


2 


1.3S&4 


16.6 


430 


3 


1.1 B80 


62.5 


600 | 


4 


1.1731 


61.4 


B11 


7 


1.1950 


56,8 


826 


8 


1 .2026 


55.2 


710 


14 


1.2040 


54.9 


777 



[0096] Ther o results are comparable to those results for concentrated HOAc shown in Example 28 and Table 9, and 
demonstrate ti .at the stronger oxalic ac[d more readily catalyzes the sohgel reaction than acetic acid. This is expected 
for other strati camomile acids which could include glyeoJic and glyoxalic acid among other*. 

Example 32: Hrmxylated acetylenic did surfactants. 

[0097] The preparation of the spinning solution require* a stock solution, containing mainly the silica, emanol, and 
water, an acid, ethanol, water, and e surfactant. The stock solution is prepared by mixing 26.3 g TEOS, 24.0 g ethanol 
2.53 9 of watt. , and O.n g or 0.07 M MCI, -heating the solution to 60*C for 90 minutes, and allowing the solution to 
cool back to roum temperature before use. 

[0098] The -.pinning solution requires 8.B g of the stock solution prepared above, 12.5 g ethanol, 0.4 g water, 1 g 
0.07 M HCi, a. ,d 2 g of surfactant. Surfynol 46S end Surfynol 485. The solution is then sonicated for 20 minutes and 
filtered through a 0.2 micron Acrodlsc. The solution are then dispensed onto wafers and spun to dryness. After the 
wafors are prepared the surfactant is removed using thermal decomposition at 425°C in N*. The results from these 
solutbn for bom the Surfynol 465 and Surfynol 485 are shown in Table 11 . 



Table 11 



Surfynol 465 
Day 


thickness (nm) 


porosity (%) 


Rl 


Spinning 
Parameter? 


0 
1 
6 
11 
24 


516 
552 
479 
389 
473 


56.6 
57.8 
55.7 
55.0 
58,7 


1,1924 
1..1858 
1.1966 
1.1993 
1.1626 


1200 rpm, closed 
1200 rpm, closed 
1 800 rpm, open 
1 800 rpm. open 
1B0O ipn. open 




Surfynol 485 










Day 


thickness (nm) 


porosity (%) 


Rl 


Spinning 
Parameters 


0 
1 
6 
11 
24 


515 
598 
.502 
425 
512 


55.6 
61.0 
55.1 
54.3 
. 56.7 


1.1924 
1.1719 
1.1994 
1.2031 
1.1919 


1200 rpm, closed 
1200 rpm, closed 
1800 rpm, open 
1 BOO rpm, open 
1 BOO rpm, open 



Example 33: |_ow«r concentrations of ethoxyiated acetylenic diols, 



^^J^ 5 ^'T'* 1*™* the effeCtS 0f tewerins eurfacta * concentration on the Him properties. The same 
procedure as Example 32 was used except that th e amount of Surfynol 465 was decreased from the original 8 wt% 
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(2.0 9) in the formulation lo 4% (1 o g) and 2% (0.5 g). All of wafers were spun b an open bowl configuration at 1800 
r.prfi. for 20 8r?conds and Wen calcined at 425 a C in N 2 to remove the surfactant. Results are in Table 12, below. 



Table 12 



Weight % Surfyno! 465 


thickness (nm) 


porosity (%) 


Rl 


8 


434 


57.7 


1.1 B72 


4 


358 


35.6 


1.2906 


2 


2di 


14.5 


1-3907 



Example 34: Cthoxyiated acetyJenic diols and QxaRc acid, 

[01 00] This example shows the use of oxalic acid fn place of the HCI. The preparation replaces the 0.07 M HCI in 
the spinning solution and stock solution with 0.1 M oxalic acid using the same weighed amounts of each reagent. The 
solutions are mixed, sonicated, and filtered through a 0.2 micron Acrodisc before being spun onto a wafer. The wafers 
were spun in t .n open bow! configuration at 1800 r,p.m. for 20 seconds to remove excess solution and solvent and 
then calcined ,it 425 8 C in N2 to remove the surfactant from the film. Results are reported in Table 13, below. 



Table 13 



Surfactant 


thickness (nm) 


porosity (%) 


Rl 


Surfynol 465 
Surfynol 485 


403 
405 


51 .4 

57.7 


1.2167 
1.1872 



& Example 35: Pi »rfty analysis of Surfactants. 



[0101] This example shows the purity of tho starting surfactant before any additional purification la attempted. The 
Surfynol is clearly much lower In those metals that have been screened for than many oiher commercially available 
surfactants as shown below. By having thesa rnelals low In the initial material, the clean-up to the electronic grade 
shou d be much easier. I.e. < 20 ppb. Analysis results are reported in Table 14. Triton X-114 is available Trom Union 
Carbide Corporntian of Charleston, VW, 



Table 14 



35 



Surfactant 


ppmNa 


ppmK 


Triton X-TI4 


427.B 


1.0 


BASF L121 


2.6 


4B3.1 


BASF L101 


0.24 


1.9 


Surfynol 465 


0.18 


0.81 


Surfynol 4B5 


0.19 


0.65 



Example 36: Per a size determination. 



49 \ ™K ,mp,e shows the ^ s * es of the rBSU «1hts using the Surfynol surfactants from the preparations 

in the first example after calcination. Tne following Table 15 shows that the Surfynojs give much smaller pore sizes, 
as measured usmg the SAW technique, than the block co-polymers, yet still have the porosity and refractive Index 
similar to the me>. oporous films . 



Table 15 



Surfactant 


Median Pore Diameter (A) 


Average Pore Diameter (A) 


BASF L1 21 


50 


43 


BASF L1 01 


41 


37 


Surfynol 465 


29 


29 


Surfynol 4B5 


29 


29 
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Enmpie 37: Effect of rnethyttriethoxysilane (MTES) find purified Triton X-114 surlnctant amounts in formulation on 
dleiectnc constant (K), k stabilily and mechanical properties 

[01 OS] A snries of solution* were prepared where the amounts of metriyrbiethoxysilane (MTES) end purified Triton 
s X-1 14 surfactant ware varied to determine an optimum combination of low dielectric constant (k), k stability (using an 
85 C / 85% relative humidity (85/65) test after 2 hours), and high modulus. 

[01 04] The solutions were prepared using as a basis the following formulation. This formulation is described as a 
50% MTES / is% surfactant formulation as 50 weight % of the silica source Is MTES and the surfactant is added at 5 
weight % of tr.e total formulation weight. 



Table 16 





basis 


Chemical 


[grams] 


TEOS 


22.500 


MTES 


22.500 


Ethanol 


135,525 


Dl Water 


8.255 


TMAH (2.4 weight%) 


7.370 


0.1 N HNO* 


40.000 


Surfactant 


11.800 


Total 


242.950 



TabJe 17. Results for films" prepared varying MTnS and surfactant level. 



% MTES j% SunactantiThidcnsBslRefractive K initial 



40 



40 



40 



50 
50 
50 



SO 



60 



50 



itfThk 
(A) 



Index 



(4343 
[4574 
15169 



1.205 



\4412 



4749 



.200 



E.48 



.180 



12,25 




Nanoindentation 
results 



%k Moduli* 
increase (GPa) 



K.9% 2.74 



1.217 



2.29 \Z35 



,206 



1.180 



(2.15 
(205 



12. 35 

p5T 



12. 6% 3.17 



1.217 



(4838 



J5334 



|2.24 



[2.09 



(2.8% 2741 10.330 



L2Q7- }2.11 



21 



t.0% 1.94 



12% 2.70 



1.9% 2.10 



1,184 (2.01 [2.05 



1.69 



tHardnes 



fT82 E462 



I.343 



|4.7% |1. 96 p.265 



1416 



I.302 



3,492 



L3D1 



.255 



S3 



KHS , Al ' W8n> fipU " ° m ° a " waf era and P^ 5 ^ ^9 the same anneaJ process (air cure at 90, 1 80 and 
400 c for 1 .5, 1 .i, and 3 minute*, respectively). The f lime were further thermally processed at 42S fl C for 6 minutes In 
a reduced pressure of N 2 . 

[0106] This si.idy clearly shows there Is a tradeoff between the mechanical and dielectric stability of the firms. This 
^l b ™^° * W0Fkin9 at J ° W Burfac * nl and a mwkwi amount of MTES. In this study, the optimal mixture is the 
50 ^ MTES/4 % surfactant formulation. Thie gave the lowest k, best k stability, with the highest modulus. The advantage 
is that no subseq. ient treatments are required to achieve dielectric stability. This simplifies the process heed to prepare 
the film for dlejec trie applications. 

[D107] While th* invention has been described in detail and with reference to specific examples thereof, ft will be 
4PPMm to one f.Killad in the art that various changes and modifications can be made therein without departing from 
the spirit and scope thereof. 
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Claims 

1. A proce* sfor producing a ceramic film on a substrate, said process comprising; 

s preparing a film-forming fluid comprising a ceramic precursor, a catalyst, a surfactant and solvents); 

depositing said film-forming fluid on said substrate; and 

removing said sofvenl(s) from said film-foimlng fluid on said substrate to produce said ceramic film on said 
subsirate, 

wherein t^ild ceramic film has a dielectric Constant below 2.3, and a metal content of lass than 500 ppm. 

2. The method of claim 1 , wherein said dielectric constant is from 22 to 1 .3. 
3- The method of claim 1 , wherein said hallde Content is less than 1 ppm. 

4. The method of claim 3, wherein said hallde conteni is jess than 500 ppto and said metal content is less than i ppm, 

5. The method of claim 1, wherein said metal content Is less than 1 ppm. 
B, The method of claim 1 , wherein said metal content is less than 1 00 ppb. 

7. The method of dalm 1 , wherein said ceramic precursor is selected from the group consisting of tetraethoxyBilane, 
tetramethoxysJIane, titanium (IV) teopropoxldc, titanium (IV) methoxkte and aluminum eec-butoxide. 

6. The mothod of claim 1 , wherein said ceramic precursor i£ en a Ikylalkoxy&Hane , which provides improved k stability, 
meimains low k value and maintains high modulus. 

* The method of claim 1, wherein said catalyst Is an organic acid and said film-forming fluid is free of HCI, HBr. 
H 2 S0 4 , ami H 3 P0 4 acid catalysts. 

10. The method of ciaim l, wherein said catalyst is selected from the group consisting of acetic acid, formic acid, 
glycofic aclu, gryoxylic acid, oxalic acid and HNQ 3 . 

11. The methou of claim 1, wherein said surfactant is nonlonic and said film-forming fluid Is free of ionic surfactants. 

12. The methou of claim 1, wherein said surfactant is a block copolymer of ethylene oxide and propylene oxide. 

13. Thomethoo of claim 1, wherein said surf acrant Is seiectedfrom the group consisting of block copolymers of ethylene 
oxide and propylene oxide and polyoxyethyiene alkyl ethers, 

40 

14. The methoo of ciafrn 1 , wherein said surfactant is an ethoxylated acetylenic d|o|, 

15. The method of claim 1 , wherein said surtactant is an octyiphenol ethoxylales. 

16. The method of claim 1, wherein said sorvani Is selectee from the group consisting of methanol, isopropanol, Isob- 
utanol, ethanoi and n-butanol, 

17. The method of ctaiml, wherein said solvent re^ 
film on said .substrate. 

90 

18. The method of elelm 1. wherein said film-forming fluid is a sol having a gelation time of at least 300 hours, 

19. The method of claim 1, wherein said ceramic film hae a porosity of about 50% to about 35%. 
s* 20. A ceramic film produced by the process of claim 1 . 

21. The ceramic mm of claim 20, wherein said dielectric constani is from 22 to 1-3. 
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22- The cernrnic fifrn of clahn 20. wherein said halide content is less than 500 ppb. 
23. The ceramic film of claim 20, wherein said mataJ content is less than 1 ppm. 
s 24. The cen.rnie film of claim 20, wherein said metal content is less than 1 DO ppb. 

25. The ceramic film of claim 20, having a porosity of about 50% to about B0%. 

26. The eowimle film of claim 20, having a porosity of about 55% to about 75%. 

10 

27- The ceramic film of claim 20, wherein said film includes pores sufficiently ordered In a plane of the substrate that 
an X-ray diffraction pattern of said film shows a Bragg cffff raclion si a d sparing greater than about 44 A. 

28. The ceramic film of daim 20, wherein Said film does not include pores sufficiently ordered In a plane of the aubstrato 
is sucn thai an X-ray diflrBction pattern of said film shows a Bragg diffraction. 

29. A ceramL film produced by the process of cteim 1 wherein said ceramic precursor is an alkytalkoxysflane, which 
provides .mproved k stability, maintains low k value and maintains high modulus. 

i.' 

SO 
25 
30 
35 
40 

30 

55 
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FIG. 2 
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FIG. 3 
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FIG. 4 
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factant and a solvent, depositing tha film-forming nuid 
on the substrate: , and removing the solvemfrom trie uim- 



forming fluJd on the substrate to produce the ceramic 
film on the substrate. The ceramic film has a diolectric 
constant below 2.3, a halide content of less tnan 1 ppm 
and a meal content of tess than 500 ppm, making li use- 
ful tor currant and future microelectronics applications. 
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TITLE : SELF-RETAINING POROUS SILICA AND ITS PRODUCTION 

ABSTRACT : PROBLEM TO BE SOLVED: To obtain a copolymer excellent in transparency and 

self-retaininrj properties, capable of presenting porous silica having a high specific surface 
area and useful for minute molecule-permeable materials, optical catalysts, catalyst 
earners, etc., by polymerizing a mixture of specific silane compounds in the presence of a 
surfactant. 

SOLUTION: This production of self-retaining porous silica is to copolymerize (B) a 
tetraalkoxysiiane [e.g., the alkoxy is a 1-5C (branched) alkoxy] with (C) an 
alkenyfthalkuxysilane [e.g. the alkoxy is a 1-5C (branched) alkoxy and the alkenyl is a 
2-5C (branched) alkenyl] in the presence of (A) a surfactant [e.g. a 14-30C (branched) 
alkyltrimethyiammonium chloride]. The copolymer is obtained, e.g. by using 0.05-0.5 mole 
times of the component A based on the sum total mole number of the components B and 
C and copolycondensing them in the presence of water in an acidic condition. The 
objective porous silica is obtained by baking the copolymer and removing the component 
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